INTRODUCTION
============

In a previous immunohistochemical study, we reported the chance observation that choroid plexuses in the lateral, third and fourth ventricles in 6 patients with neuromyelitis optica (NMO) showed a striking accumulation of activated complement (C3d, C9neo) within the normally empty pericapillary space of the choroid plexus filtration membrane in all 18 specimens examined ([@nlw061-B1]) ([Figs. 1, 2](#nlw061-F1 nlw061-F2){ref-type="fig"}). In clinically active cases of NMO examined at autopsy, activated complement is deposited along the glial limiting membrane at the surface of the brain and spinal cord and around blood vessels but there is nothing known about NMO that explains the presence of activated complement in choroid plexus villi ([@nlw061-B1]). FIGURE 1Choroid plexus **(A)** A choroid plexus in the roof of the fourth ventricle immunostained using a labeled lectin that stains vascular endothelium a brownish color. The staining pattern reflects the fact that choroid plexuses are composed largely of massed capillaries. **(B)** A choroid plexus capillary located within a normal-appearing choroid plexus villus. The asterisk is located within the pericapillary space of the filtration membrane. Vacuoles at the base of each epithelial cell represent extracellular fluid-filled cisterns located amongst epithelial cell foot processes as shown in Figure 2. Human tissue: **A,** RCA-1, ×5; **B,** Semi-thin section, toluidine blue, ×900. FIGURE 2The filtration membrane. The asterisk is located in the pericapillary space of the filtration membrane. Other components of this complex structure are seen below and above the asterisk. Below is the fenestrated endothelium of the capillary and its very thin basal lamina. Above is the basal lamina of the epithelium together with the tips of epithelial cell foot processes and large extracellular fluid-filled cisterns that bulge into the base of each of the 2 epithelial cells. Human tissue: electron micrograph, ×7000).

The complement system comprises a group of pro-inflammatory proteins that are activated and deposited at sites of inflammation associated with antibody-mediated and innate immune reactions. C3d and C9neo are forms of activated complement that can be identified immunohistochemically using specific antibodies. Their presence in NMO choroid plexus villi indicates the possibility of an inflammatory lesion in the choroid plexus in this disease.

In this study, in addition to investigating the immunopathology and electron microscopic features of the choroid plexus lesion in NMO, choroid plexuses in patients with multiple sclerosis (MS) and other inflammatory and non-inflammatory conditions affecting the CNS were examined for evidence of complement deposition.

Because the unusual location of the NMO lesion, i.e. within the pericapillary space of a filtration membrane, might be a factor related to the cause of the lesion, we examined, by electron microscopy (EM), the retinal filtration membrane in a patient with pathologically defined age-related macular degeneration (AMD) and the glomerular filtration membrane in 11 patients with immune complex and other diseases of the kidney.

MATERIALS AND METHODS
=====================

Patients
--------

The study was approved by the University of Sydney committee on human experimentation. Choroid plexus tissue from 71 subjects was studied immunohistochemically for inflammatory cells and IgG, C3d and C9neo immunoreactivity, 60 with diseases of the CNS (29 females and 31 males, median age 45 years, range 6--73 years) ([Tables 1](#nlw061-T1){ref-type="table"}, [2](#nlw061-T2){ref-type="table"}) and 11 adults with no preexisting CNS disease. TABLE 1Clinical Data on Patients 1--30CaseSex/age (years)DiagnosisDuration (MS)C3dDiseased villi/1001M 30syphilis1 +532M 59MS"chronic"223M 11ALD024F 14MS9 months1 +185F 53MS24 months2 ++6F 55subdural227F 6astrocytoma08F 39MS5 years1 +179M 52infarct1 +1910F 51MS15 years511F 65ADEM2 ++4512M 18MS10 years3713F 42metastases614M 55MS"chronic"3 +++3315M 21SSPE2 ++6716M 55metastases2217M 68syphilis9018M 21MS49 months1119F 40MS10 weeks1 +2720M 45MS10 years2 ++3721M 27MS14 months5322F 50MS22 years2723F 39MS14 years3324F 49NMO1 +25M 32MS9 months1 +2026M 46ADEM1 +2327F 38MS"chronic"1228M 14MS18 days1 +629M 49MS3 months2 ++4930F 28MS33 months1 +18[^1] TABLE 2Clinical Data on Patients 31--60CaseSex/ageDiagnosisDuration (MS)C3dDiseased villi/10031M 66NMO3 +++3932F 70MS21 days3 +++4133F 48NMO3 +++3234M 8SSPE235M 34MS45 months2 ++5036F 49NMO1 +937M 59NMO2 ++3138M 40MS8 years1039F 52MS12 years3 +++3340F 21MS3 years1541M 34MS34 years2 ++3742M 62hemorrhage1143M 54MS2 ++2844M 25MS29 days1 +845M 11PML1046F 62MS16 years1947F 45MS4 weeks2 ++1248M 71MS26 years3 +++7149F 55MS16 years1150M 30angioma1051F 27MS49 months2 ++1552M 43MS14 years2553M45MS2 weeks2 ++3954F 19MS1 week1 +4455F 55syphilis1756M 36MS3 years1 +1857F 36subdural2858F 53subdural1459F 73encephalitis2360F 53MS10 years44[^2]

Histopathology
--------------

Archival paraffin-embedded blocks obtained at routine autopsy containing choroid plexus tissue were selected for study. Whole brains had been fixed in buffered formalin on average for 2 weeks. Some were sliced and fixed for 2 days at 4 °C in buffered 4% paraformaldehyde. Autopsy intervals ranged from 2 h to in most cases 1--3 days. Paraffin sections, 4- to 10-µm thick, were mounted on Ultrafrost slides (Thermo Scientific) and stained using Luxol fast blue--periodic acid Schiff (LFB-PAS), Bodian's silver stain for axons, and hematoxylin and eosin (H&E). Other stains used in selected cases included *Ricinus communis* agglutinin-1 (RCA-1) for microglia, macrophages and vascular endothelial cells, and Congo red birefringence for amyloid.

Immunohistochemistry
--------------------

Following microwave antigen retrieval (citrate buffer pH 6), and treatment to block non-specific staining, deparafﬁnized 4- to 10-µm-thick sections were incubated with optimally diluted primary antibody for 30 min at room temperature or for 3 days at 4 °C, as previously described in ([@nlw061-B1]). Primary antibodies selected for use included not only those directed at inflammatory mediators but also antibodies that recognized putative myelin and other autoantigenic determinants that might be detectable in antigen-antibody complex deposits. The primary antibodies used recognized: IgG (polyclonal, Organon Teknika, Westchester, PA); IgM (polyclonal, Dako, Carpinteria, CA); C3d (polyclonal, Dako) and C9neo (C5b9, B7 \[B.P Morgan, Cardiff, UK\]); and glial fibrillary acidic protein (GFAP) (GF12-24, Millipore Corporation, Billerica, MA). Primary antibodies were detected using polymer-coated, horseradish peroxidase-conjugated secondary antibodies (EnVision and Advance^TM^, DakoCytomation Inc., Carpinteria, CA) with 3, 3′- diaminobenzidine as the chromogen. Selected sections were stained for aquaporin-4 (AQP4), myelin oligodendrocyte glycoprotein (MOG), CNPase, CD45, CD68, major histocompatibility complex type II (MHC2) and for lymphocytes (CD4, CD8 and UCHL-1).

Renal biopsies from patients with known immune complex diseases served as positive controls for C3d and C9neo. Negative controls included omission of the primary antibody and use of non-reactive immunoglobulin.

To quantify damage to the choroid plexus filtration membranes (interstitial fibrosis), 100 villi in each case were examined for pericapillary space fibrosis and nodule formation using routinely stained sections (H&E, LFB-PAS). To determine the proportion of villi immunoreactive for complement in each patient, a semiquantitative assessment of pericapillary space C3d immunoreactivity was assessed using the following scale: 0 = absent; + = sparse;  ++ = moderate; +++ = extensive. MHC2-positive microglia/macrophages were recorded as present or absent in affected villi (+ to  +++ C3d immunoreactivity). All assays were conducted by blinded observers. The results are shown in [Tables 1](#nlw061-T1){ref-type="table"} and [2](#nlw061-T2){ref-type="table"}.

Electron Microscopy
-------------------

Six blocks of choroid plexus tissue adequately fixed for EM from the lateral and fourth ventricles were available from a typical case of MS, a woman aged 39 years with a 14-year history and no known disease other than MS ([@nlw061-B4]). Retinal tissue from the same case revealed changes typical of pathologically defined AMD. It was used to examine and illustrate points of resemblance between retinal and choroid plexus filtration membranes.

To compare changes in choroid plexus villi with fine structural changes in renal filtration membranes in patients with an age-related renal disease (fibrillary glomerulonephritis \[FG\]), diagnostic renal biopsies from patients with immune complex disease of the kidney and with other renal diseases (in which the diagnosis was established by routine immunohistochemical procedures and EM) were reviewed. These renal conditions included lupus nephritis, membranous glomerulonephritis, post-infectious glomerulonephritis associated with chronic bacterial infections, IgA disease, age-related FG, Alport syndrome, age-related focal segmental glomerulosclerosis (a disease of the elderly thought to be ischemic in origin), diabetic glomerulosclerosis, dense deposit disease and minimal lesion glomerulonephropathy.

Choroid plexus tissue for EM was fixed in 3% glutaraldehyde and 2% osmium tetroxide. Sections were stained with uranyl acetate and lead citrate.

Statistical Analysis
--------------------

Statistical analyses of villous fibrosis versus age, villous fibrosis versus disease duration, and villous fibrosis versus complement deposition were performed using SPSS version 22.0.

RESULTS
=======

Complement and Immunoglobulins
------------------------------

Choroid plexuses examined immunohistochemically (i.e. both those with \[n = 33, [Tables 1](#nlw061-T1){ref-type="table"}, [2](#nlw061-T2){ref-type="table"}\] and those without \[n = 11\] CNS disease), stained positively for activated complement (C3d and C9neo) ([Fig. 3](#nlw061-F3){ref-type="fig"}). The single case with no evidence of complement deposition in the choroid plexus was the only child in the immunohistochemistry series, an 11-year-old boy with adrenoleukodystrophy (Case 3, [Table 1](#nlw061-T1){ref-type="table"}). FIGURE 3Complement deposition in the choroid plexus of a 45-year-old male patient with MS. **(A, B)** A lateral ventricle choroid plexus stains positively for activated complement. **A,** H&E; **B,** C3d. Magnifications: **A, B,** ×25.

Serial sections showed that both C9neo and C3d immunoreactivity localized to filamentous and amorphous, pale or faintly eosinophilic material that was present, often as a nodule, within the normally empty pericapillary space of the villous filtration membrane; the proportion of affected villi staining positively for C9neo was approximately the same as the proportion that stained positively for C3d ([Figs. 4--7](#nlw061-F4 nlw061-F5 nlw061-F6 nlw061-F7){ref-type="fig"}) .The same material stained positively with silver stains ([Fig. 8B](#nlw061-F8){ref-type="fig"}) but was negative for amyloid. FIGURE 4Interstitial fibrosis. **(A)** The pericapillary space in each of the 3 villi is occupied by a thick layer of connective tissue. The capillaries have reduced diameters. **(B)** The relatively narrow perivascular space of 3 villi and the connecting portion of the frond is occupied by a thin layer of connective tissue that is immunostained positively for C9neo. **A,** Mallory trichrome, ×460; **B,** C9neo, ×520. FIGURE 5Early deposition of complement in the choroid plexus of a patient with NMO. **(A, B)** Complement immunoreactivity (C3d) is restricted to a single large villous nodule. **A,** ×90; **B,** ×180. FIGURE 6Complement and IgG deposits. Choroid plexus perivascular nodules (stromal fibrosis) in patients with cerebral infarction **(A)** and NMO **(B)**. Immunoreactivity is restricted to material located within the fibrosed pericapillary space. **A,** C9neo, ×560; **B,** IgG, ×570. FIGURE 7Rat and human choroid plexus villi. **(A)** The choroid plexus of a young rat showing each villous entirely occupied by a large capillary. The pericapillary space is narrow and without discernible contents. **(B)** A choroid plexus in a 71-year-old male patient with MS in which more than half the number of villi present exhibit narrowing or loss of capillaries together with marked stromal fibrosis. **A,** Frozen section, H&E, ×430; **B,** paraffin section, H&E, ×200. FIGURE 8Stromal fibrosis nodules in choroid plexus of MS and NMO patients. Nodules occupy most of the space normally occupied by a capillary. **A**, MS, Luxol fast blue-PAS, ×460; **B**, MS, Bodian's silver stain, ×210; **C**, NMO, IgG immunohistochemistry, ×450.

Nodules were capped by thickened PAS-positive subepithelial basal laminae that intruded into the overlying epithelium. Expansion of the nodule occurred at the expense of the capillary, which was reduced in diameter or absent.

IgG immunoreactivity, which was present in 50% of the cases, appeared as a diffuse or granular band towards the apex of a nodule ([Figs. 6B, 8C](#nlw061-F6 nlw061-F8){ref-type="fig"}). Importantly, the pattern was the same in patients with MS, in those with other inflammatory neurological diseases including NMO, and in patients with non-inflammatory diseases. EM of choroid plexus tissue in a patient with longstanding MS and extensive interstitial fibrosis of the choroid plexus (IFCP) showed no EM evidence of immune complex deposition.

Diffusely thickened as well as nodular areas of fibrous thickening of the pericapillary space were unstained with other primary antisera including antibodies directed against IgM, β-lipoprotein, GFAP, MOG and AQP4. They stained positively for λ and κ light chains and occasionally also for fibrinogen.

Epithelial cell cytoplasm was positive with variable intensity for IgG and κ and λ light chains, AQP 4 and transferrin. Ring-like bodies sometimes present in the choroid plexus epithelium ("silver rings of Biondi") stained positively for MOG.

Inflammatory Cells
------------------

MHC2-positive microglia/macrophages were present in pericapillary spaces of all villi examined where there was deposition of complement and stromal fibrosis, including the occasional villous seen containing a mineral inclusion ([Fig. 9](#nlw061-F9){ref-type="fig"}). Lymphocytes were rarely seen. An exception was a patient with MS who had some months prior to death had received injections of an extract of pig brain. In this patient, UCHL-1-positive lymphocytes were numerous throughout the choroid plexus as well as in typical MS plaques and experimental autoimmune encephalomyelitis-like lesions present throughout the brain ([Fig. 9D](#nlw061-F9){ref-type="fig"}). UCHL-1 lymphocytes (CD45RO-positive T cells) are a particular class of activated memory T cells capable of responding to antigens. FIGURE 9Inflammatory cells. In the choroid plexus of a patient with MS, a villous nodule contains a mineral inclusion **(A)**. CD68-positive putative macrophages **(B)**, although present close to complement-positive material, are unreactive for complement **(C)**. **(D)** UCHL1-positive lymphocytes are numerous in the choroid plexus of a patient with MS and perivenous encephalomyelitis; the latter followed injections of pig brain given as a treatment for MS. **(E, F)** MHC2-positive cells are present throughout pericapillary spaces in a patient with NMO. **A,** C9neo; **B,** CD68; **C,** C3d; **D,** UCHL1; **E**, **F**, MHC2. Magnifications: **A--C, E, F,** ×320; **D,** ×400; **F,** ×180.

Where CD68-positve cells were seen close to complement-positive deposits, there was no evidence of uptake of the material by putative phagocytes. In contrast, where fresh MS lesions or recent ischemic infarcts containing numerous macrophages were present in cerebral tissue remote from the ventricles, CD68-positive phagocytes were distended with endocytosed complement-positive cell debris. We interpret this as an indication that in affected choroid plexus villi there may be some local impediment to phagocytosis of extracellular complement-positive material.

Interstitial Fibrosis
---------------------

Widening of the pericapillary space of individual villi by filamentous and amorphous material was assessed using a semiquantitative scale as follows: + = no, equivocal or slight widening;  ++ = moderate widening;  +++ = nodular widening. Villi rated  ++ or  +++ were counted as fibrosed whereas villi rated + were rated as not fibrosed. Assessment was by a blinded observer (J.W.P.) using coded slides. Fibrosis was detected in all but one of 58 choroid plexuses examined using routine neuropathological stains from patients with CNS disease (mean number of villi affected per hundred examined: 26.206 ± 18.244 (SD) ([Tables 1](#nlw061-T1){ref-type="table"}, [2](#nlw061-T2){ref-type="table"}). The exception was a 6- year-old girl with an astrocytoma in whom all villi examined showed no fibrosis (Case 7, [Table 1](#nlw061-T1){ref-type="table"}). The findings were similar in all 11 adult subjects (not age-matched) without CNS disease (mean number of villi affected per 100 examined 36.45 ± 19.66 \[SD\]).

The relationship of age to number of villi with  ++ or  +++ fibrosis was examined in a cohort of 113 subjects: 53 MS patients, 43 patients with other neurological diseases, and 17 without pre-existing CNS disease. The difference in mean number of villi fibrosed per 100 examined in each case did not differ significantly among MS patients (mean 29.6 \[95% CI 23.2--34.9\]), other neurological disease patients (mean 33.7 \[95% CI 25.1--41.2\]), and the non-neurological disease group (mean 35.7 \[95% CI 22.2--49.2\]). Simple linear regression showed that age was associated with the number of villi affected, i.e. that age was a significant covariate with Beta = 0.327 and p = 0.005, which means that for every increase in age of 0.33 years there is a 1% increase in villi affected. EM of affected villi in 6 blocks of tissue from the single case examined showed the nodules to be composed of collagen together with occasional deposits of unusual, irregularly shaped, electron-dense particles identical to those described in previously reported EM studies of age-related choroid plexus stromal fibrosis and psammoma body formation ([@nlw061-B5]). The particles lay in close contact with process-bearing cells located within the widened pericapillary space ([Fig. 10A, B, F](#nlw061-F10){ref-type="fig"}), and appeared to form in association with collagen fibers ([Fig. 10E](#nlw061-F10){ref-type="fig"}). Importantly, there was no evidence of phagocytosis although the material was enveloped by cytoplasmic processes with what appeared to be clathrin-coated pits at points of contact ([Fig. 10C, D](#nlw061-F10){ref-type="fig"}). FIGURE 10Electron photomicrographs of particulate electron-dense material in choroid plexus villi. **(A)** A cell located in the pericapillary space invests extracellular fragments of electron-dense material. **(B)** An area within the cell illustrated in panel A showing cell processes contacting but not endocytosing dark material. **(C, D)** Extracellular dark material contacts but is not endocytosed by perivascular cells. Arrows indicate points of contact with what appear to be clathrin-coated pits. **(E)** An elongated fragment of dark material roughly the size of adjacent collagen fibers. **(F)** Cell processes surround extracellular dark material located close to a villous capillary. **A,** ×2,900; **B,** ×2,100; **C,** ×68,200; **D,** ×29,000; **E,** ×64,400; **F,** ×4,050.

Complement Immunoreactivity and Stromal Fibrosis
------------------------------------------------

To determine the relationship between stromal fibrosis and inflammation, we analyzed findings in 21 patients with MS, the largest group in the study with the same pre-existing CNS disease and in whom both C3d stained sections as well as sections assessed for stromal fibrosis were available ([Tables 1](#nlw061-T1){ref-type="table"} and [2](#nlw061-T2){ref-type="table"}). Simple linear regression analysis showed a significant correlation between the number of villi with stromal fibrosis and C3d staining (r = 0.6, p = 0.004 univariate). Also, a significant correlation was found between the number of diseased villi and age of the patient (r = 0.6, p = 0.004 univariate). Despite univariate significant associations between age, disease duration and number of affected villi (when age and disease duration were entered into an analysis of variance model), age remained a significant predictor of the number of diseased villi (p = 0.05) and disease duration (measured in months) did not (p = 0.178).

Choroid Plexus Epithelium
-------------------------

By light microscopy, the epithelium appeared normal except where the villous was occupied by a large nodule. In the latter case, the small cavities normally visible at the base of each epithelial cell were reduced in size or absent ([Fig. 11](#nlw061-F11){ref-type="fig"}). As previously reported ([@nlw061-B6]), EM showed that the basal cavities in unaffected villi are formed by elaborately folded plasma membranes producing regions in each epithelial cell of increased surface area. FIGURE 11Interstitial fibrosis - capillary and epithelial damage in the choroid plexus of a 39-year-old woman with MS. **(A)** A semi-thin section of a choroid plexus villous in which the several components of the filtration membrane appear normal. The capillary endothelium is intact; there is a narrowly patent pericapillary space, and vacuoles corresponding to fluid-filled cistern located amongst epithelial cell foot processes are intact. **(B)** A semi-thin section of a villous in which the filtration membrane is replaced by marked stromal fibrosis. There is no centrally located capillary, the pericapillary space is gone, and the line of fluid cisterns at the base of the epithelial monolayer is no longer evident. There are 8 cells (a mixture presumably of fibroblasts and CD68-positive, MHC2-positive cells \[nuclei only visible\]) located within and around the nodule. **A, B,** toluidine blue, ×800.

The loss of cavities was associated with an increase in thickness of the subepithelial basal lamina and the formation of ridge-like intrusions that extended into the zone of attenuated epithelial folds and foot processes, as described by others in ([@nlw061-B6], [@nlw061-B7]) ([Fig. 12](#nlw061-F12){ref-type="fig"}). FIGURE 12Interstitial fibrosis. There is widening of the pericapillary space in an affected choroid plexus villous. Commencing fibrosis is accompanied by thickening of the subepithelial basal lamina together with crowding and elongation of epithelial cell foot processes. Note the absence of evidence of immune complex deposition as seen in the kidney in Figure 15. F Cap, fenestrated capillary. Electron micrograph, ×3200.

Perivascular Spaces in the Cerebrum
-----------------------------------

Complement (C3d, C9neo) was occasionally detected in the lumen of blood vessels and in reactive astrocytes in brain tissue remote from the ventricles. Perivascular deposits of complement or the appearance of fibrous tissue within perivascular spaces were not seen in intact white or grey matter in any of the many sections studied. Instances in which deposits of activated complement were observed in distant brain tissue included, as mentioned above, an infarct of 67 h duration and an expanding early pre-phagocytic MS lesion.

Renal and Retinal Filtration Membranes
--------------------------------------

Filtration membranes in the kidney, behind the retina and in choroid plexus villi consist of similarly arranged membranes and fluid spaces subtending unusually large, leaky fenestrated capillaries ([Fig. 13](#nlw061-F13){ref-type="fig"}). Comparing the changes observed in choroid plexus filtration membranes in IFCP with those affecting filtration membranes in the retina in AMD and glomerular filtration membranes in age-related and immune complex renal diseases showed broadly similar pathological changes in basement membranes, capillaries and in the respective epithelial monolayers (choroid plexus epithelium, retinal pigmentary epithelium, podocytes) including intrusion of ridges of grossly thickened subepithelial basal laminae into the foot process zone of the overlying epithelium ([Fig. 14](#nlw061-F14){ref-type="fig"}). Important differences that were observed were, first, an absence of any EM evidence in IFCP of immune complex deposition as seen in immune complex renal diseases ([Fig. 15](#nlw061-F15){ref-type="fig"}), and, second, the presence, in only, of the unusual extracellular electron-dense material described earlier. Nothing similar was observed in the glomerular filtration membrane in any of the other renal biopsies examined electron microscopically or in the single retinal lesions examined in AMD. FIGURE 13Filtration membranes. Semi-thin sections of retinal (left) and choroid plexus (right) filtration membranes showing fenestrated capillaries separated by a narrow pericapillary space from the absorptive zone of epithelial cell foot processes. Expanding inflammatory lesions within this space damage the overlying epithelial monolayer in AMD and in inflammation of choroid plexus villi. F cap, fenestrated capillary; BM, Bruch\'s membrane; Foot Proc, foot processes; SBL, subepithelial basement membrane. Toluidine blue; Magnifications: left, ×2200; right, ×1500. FIGURE 14Age-related macular degeneration. The retinal filtration membrane in a patient with pathologically defined AMD. Nodules of drusen capped with a pale band of thickened basement membrane impinge on and displace upwards the retinal pigmentary epithelial cell layer (arrows). When compared with normal regions of the retinal filtration membrane (Fig. 13A), it is apparent that there is also some loss of the vacuolated absorptive foot process zone at the base of each epithelial cell. Such appearances indicate possible injury both to the pigmentary cell layer and to the epithelial monolayer. F Cap, fenestrated capillary. Semi-thin section, toluidine blue, ×2100. FIGURE 15Renal immune complex disease. Immune complex deposition (asterisks) is associated with a thickly ridged renal glomerular basement membrane in a patient with membranous glomerulonephritis (stage 2). Electron micrograph, ×6200.

DISCUSSION
==========

The terms, "stromal" or "interstitial" fibrosis of the choroid plexus refer to the appearance of increasing amounts of connective tissue, often forming nodules, within the normally narrow pericapillary space separating the capillary endothelium from the overlying epithelial monolayer of a choroid plexus villous; this appearance was likened by Adams and Sidman to the fibrosis and hyalinization of renal glomeruli that may be seen with advancing age ([@nlw061-B10]).

Interstitial fibrosis and other changes in the choroid plexus including the presence of psammoma bodies, ring-like, silver-positive epithelial cell inclusions ("Biondi rings"), mineralized plate-like inclusions and xanthogranuloma commonly found in the aging brain are described in the current literature as "degenerative" in nature; and with no known physiological consequences ([@nlw061-B5], [@nlw061-B10]).

In an extensive review of the early literature, Cobb commented that the most common pathological change recognized to affect the choroid plexus in old age was "especially proliferation of the interstitial connective tissue", and that in infants and early childhood "the layer of connective tissue between the epithelium and the capillaries is extremely thin, no more than ... a few connective tissue strands"; with age, these increase in thickness to form larger masses of hyaline degeneration, which may calcify ([@nlw061-B11]). Continuing, Cobb noted that, "with all these changes going on through life, it is very hard to know where normal ends and pathological (sic) begins. There is no perfectly unchanged choroid plexus except in healthy infants ...specimens from apparently normal children only 10 years of age and from young adults have ...regressive changes... (which) in almost all chronic nervous diseases...are found to an exaggerated degree".

This study is the first study to demonstrate that the age-related change referred to by Cobb is associated with an innate inflammatory reaction located within the pericapillary space of the choroid plexus filtration membrane and that the presence of activated complement together with inflammatory cells in choroid plexus villi may be regarded as normal in adults, both in those with CNS disease ([@nlw061-B19], [@nlw061-B20]) and without CNS disease.

Other notable features of the lesion include: (i) destruction of capillaries; (1) the presence of unusual electron-dense particulate deposits (2). No similar deposits were observed in any of the renal diseases examined electron microscopically in the present study, or, as far as we could determine, reported in EM studies of drusen ([@nlw061-B5]), which suggests that such material may be peculiar to IFCP); (iii) a failure by macrophages to phagocytose extracellular aggregates of electron-dense matter. The inflammatory reaction is unusual in that, although CD68-positive, MHC2-positive, Fc-receptor- and complement receptor-bearing macrophages cluster around and contact the extracellular aggregates ([@nlw061-B21]), there is no electron microscopic evidence of phagocytosis of the electron-dense material; (iv) damage to the choroid plexus epithelium that is restricted to changes at the basal absorptive surface of affected epithelial cells (loss of basal cisterns); and (v) no comparable age-associated inflammatory process in perivascular spaces where there is an intact blood-brain barrier, i.e. at mesenchymal-glia interfaces located within the parenchyma of the cerebrum ([@nlw061-B24]).

Pathogenesis
------------

That the IFCP lesion is due to immune complex deposition is unlikely because IgG was detected immunohistochemically in only half the cases, the staining pattern was the same in subjects with and without inflammatory diseases of the brain, and other serum proteins were sometimes present in the lesion. Also, neither in this study nor in a large number of EM studies of age-related changes affecting the choroid plexus has there been EM evidence of immune complex deposition of the sort diagnostic of immune complex disease in the kidney reported in ([@nlw061-B5]).

A more likely possibility is that the inflammatory lesion in IFCP is related in some way to the still unknown process leading to tissue injury in AMD, FG and AD, 3 age-related diseases of uncertain cause; in all of these conditions, tissue injury is associated with an innate immune reaction directed at extracellular complement-reactive adventitious material of mixed molecular composition ([@nlw061-B25]).

Shared morphological features that support this include the following: (i) A defining pathological characteristic of AD ([@nlw061-B17]), AMD ([@nlw061-B30]), FG ([@nlw061-B31]) and IFCP is the presence of circumscribed extracellular deposits of filamentous and amorphous material of mixed molecular composition.

\(ii\) An important histopathological finding in IFCP, AMD and FG is the presence in each of a markedly thickened, PAS-positive subepithelial basal lamina that, together with deposited material, intrudes into and damages the basal absorptive surface of the overlying epithelium ([@nlw061-B31]). This commonality is particularly impressive in AMD, which like IFCP, is defined as a filtration membrane disorder characterized by the presence of a thickened, redundant subepithelial basement membrane capping an extracellular dome-shaped complement-reactive amorphous deposit infiltrated by MHC2-activated mononuclear and other inflammatory cells ([@nlw061-B30], [@nlw061-B32], [@nlw061-B33], [@nlw061-B35]). (iii) The location of the deposits is somewhat similar in each of the 4 conditions. In AMD, IFCP and FG the deposits form within pericapillary spaces of open fenestrated capillaries in filtration membranes at the blood-CSF barrier (IFCP), at the blood-retina barrier (AMD), and at the blood-urinary barrier (FG). In the case of AD, extracellular material (senile plaques containing filamentous amyloid beta), develop close to "leaky" capillaries in the capillary-rich cerebral cortex ([@nlw061-B18], [@nlw061-B36]). (iv) The lesions are inflammatory, with features indicative of an innate immune response directed at some component of an extracellular aggregate of unwanted material ([@nlw061-B32], [@nlw061-B34], [@nlw061-B35], [@nlw061-B40]); these findings lead to the inflammatory hypothesis of neural damage in AD and of photoreceptor damage in AMD ([@nlw061-B44], [@nlw061-B45]). In AD, the immunogen has been identified as β-amyloid or amyloid oligomers ([@nlw061-B46]). The immunogen is unknown in AMD ([@nlw061-B27], [@nlw061-B29], [@nlw061-B34], [@nlw061-B35], [@nlw061-B42]) and in IFCP ([@nlw061-B25]). It is possible that the extracellular electron-dense material peculiar to IFCP may be an immunogen and that this material may be to IFCP what β-amyloid is to AD. (v) The deposits are not benign but are associated with capillary damage and loss as well as changes in nearby structures ([@nlw061-B36], [@nlw061-B37]). How the deposits cause damage is uncertain. One theory, common to AD, AMD and FG, and that may apply to IFCP favors injury by toxic inflammatory mediators including those associated with frustrated phagocytosis. (vi) Failure of clearance mechanism. There are several important theories regarding the origin of extracellular deposits in AD and in AMD. One theory invokes a failure by macrophages to phagocytose and degrade the deposits, i.e. a failure by macrophages to clear adventitious β-amyloid in AD and drusen in the case of AMD ([@nlw061-B16], [@nlw061-B17], [@nlw061-B32], [@nlw061-B34], [@nlw061-B41], [@nlw061-B47]). The same mechanism may be responsible for the accumulation of adventitious material (electron-dense material) in the choroid plexus in IFCP. The present finding of what appears to be failed clathrin-mediated endocytosis by macrophages engaging electron-dense deposited material in affected villi may support this. There is evidence of a similar failure of clathrin-mediated endocytosis by clustered microglia engaging the pointed ends of bundles of β-amyloid filaments in AD ([@nlw061-B18], [@nlw061-B54]).

Paraffin sections immunostained for complement show no reactivity anywhere in the brain or in associated tissues in young subjects without neurological disease. In many individuals, with increasing age, conspicuous immunoreactive deposits of complement begin appearing in 3 locations: in association with extracellular amyloid deposits in AD, extracellular deposits of drusen in AMD, and the yet to be characterized extracellular electron-dense particulate matter in choroid plexus villi. Common factors such as the capillary lesion, the location of deposits near capillaries or in filtration membranes, or frustrated phagocytosis, in addition to the composition of the deposits, may play a role in the pathogenesis of IFCP, AMD and AD.

Clinical Significance
---------------------

Whereas it is likely that the structural changes in IFCP have physiological consequences, in view of the range of activities the choroid plexus and the CSF play in development, homeostasis, control of brain and cerebrospinal fluid volume, and neuronal repair ([@nlw061-B55], [@nlw061-B56]), there is no evidence at this time that the changes described are clinically significant. This has not been tested, however, because no biomarker has been identified for the condition and it remains to be seen whether there are clinical deficits associated with IFCP ([@nlw061-B17], [@nlw061-B26], [@nlw061-B55]).

Summary
=======

Textbook accounts of the normal human choroid plexus draw on findings in young animals and children ([@nlw061-B57]). These describe pristine choroid plexus villi, each one occupied almost entirely by a single large capillary and a virtually empty pericapillary space ([@nlw061-B6], [@nlw061-B9], [@nlw061-B17], [@nlw061-B57], [@nlw061-B58]). In the present study, almost everyone except children showed this space to be occupied to varying degrees by an innate inflammatory process accompanied by destruction of the capillary bed and alterations to the overlying choroid plexus epithelium. Structural changes were identified that resemble those affecting the retinal filtration membrane in subjects with AMD, the renal filtration membrane in subjects with an age-related renal disease, and Alzheimer disease.
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[^1]: Disease duration refers to duration of symptoms prior to death in patients with MS. C3d: semi-quantitative assessment of extent of stromal C3d immunoreactivity: 0, absent; +, sparse; ++, moderate; +++, extensive. Diseased villi: 100 villi in each case examined for stromal thickening including nodule formation. Each number represents the number per 100 counted showing widening of the filtration membrane due to stromal fibrosis or the presence of a nodule. ADEM, acute disseminated encephalomyelitis; F, female; M, male; NMO, neuromyelitis optica.

[^2]: Disease duration refers to duration of symptoms prior to death in patients with MS. C3d: semi-quantitative assessment of extent of stromal C3d immunoreactivity: 0, absent; +, sparse; ++, moderate; +++, extensive. Diseased villi, 100 villi in each case examined for stromal thickening including nodule formation. Each number represents the number per 100 counted showing widening of the filtration membrane due to stromal fibrosis or the presence of a nodule. F, female; M, male; NMO, neuromyelitis optica; PML, progressive multifocal leukoencephalopathy.
